We have used a finite element model of time-dependent convection to determine the conditions for penetration of the subducted plate into the lower mantle. A temperature-dependent and non-Newtonian rheology is applied to achieve platelike behavior of the upper and sinking thermal boundary layer of convection. The 650-km discontinuity is taken as either a chemical or phase boundary or as a combination of both. It is represented by a marker chain which effects additional buoyancy when distorted out of its equilibrium position. When the compositional density contrast is greater than about 5%, the descending slab is deflected sidewards at the boundary and two-layer convection prevails. A resulting depression of the boundary in the range of 50-200 km should be detectable with seismic methods. Below 5% density difference the slab plunges several hundred kilometers into the lower mantle, and below 2% it will probably not stop before reaching the core-mantle boundary and extensive mixing would be expected. With a pure phase change a negative Clapeyron slope of about -6 MPa/K (-60 bar/K) is required to establish a type of "leaky" double-layer convection. A more moderate slope can aid a small compositional density difference to prevent slab penetration into the lower mantle. With the present uncertainties about the physical nature of the 650-km discontinuity, a variety of convective styles appears possible on dynamical grounds.
INTRODUCTION
The fate of the descending lithospheric slab is connected to one of the most important issues in geodynamics today, the question regarding the style of mantle convection. All of our inferences about the evolution of the descending plate have come from seismology. The work of lsacks and Molnar [1971] , which showed the cessation of earthquake activity at about 700 km depth and the compressive nature of the focal mechanisms of deep earthquakes, has been traditionally interpreted as evidence for the inability of the slab to penetrate into the lower mantle. On the basis of seismic energy release as a function of depth, Richter [1979] suggests that the slab encounters a barrier against further penetration and therefore layered convection may take place. On the other hand, there are observations from travel time studies to suggest that seismic anomalies exist beneath subducting slabs extending at least several hundred kilometers below the 670-km discontinuity [Jordan and Lynn, 1974; Jordan, 1977 Using their results, Samntis [1976] claimed that a compositional density jump of 0.1% would be sufficient to enforce layered convection. To delineate the boundary between singleand double-layer convection in the finite amplitude regime, Richter and McKenzie [1981] have carried out a series of laboratory experiments with constant viscosiiy fluids. They find the magnitude of the compositional density difference which is sufficient to stabilize the double layer mode to be higher than in the marginal stability case. Essentially, it must be greater or about equal to the density contrast which is potentially produced by thermal expansion. They also performed time-dependent calculations of layered constant viscosity convection for situations where the compositional buoyancy at the interface greatly dominates the buoyan6y forces associated with thermal anomalies. It turns out that in the majority of cases, shear coupling at the interface rather than thermal coupling determines the respective configuration of cells in the upper and lower layer, leading to an antisymmetric structure. Christensen [1981] also studied the aspects of layered convection numerically for fluids with depthdependent viscosity. Although steady layered convection was achieved for a density contrast of 10%, it was not possible tO obtain a steady state solution at a lower density contrast of 3%. Recently, Olson and Yuen [1982] have conducted a steady state boundary layer treatment of plumes going through a compositional interface. They found that for realistic mantle conditions a minimum of 4% change in density is needed to arrest the motion of the plume completely.
In addition to the possibility of chemical stratification, we must also consider the effects of phase transitions on convective flow processes. Linear analyses [Schubert and Turcotte, 1971; Schubert et al., 1975] , finite amplitude calculations [Richter, 1973; Christensen, 1982] , and boundary layer analysis [Olson and Yuen, 1982] have all demonstrated quite con- 4389 clusively that an exothermic phase boundary does not present a barrier to convective circulation.
The case with an endothermic transition, i.e., with negative Clapeyron slope, is not so clear cut. Richter [1973] found it slightly retarding for convection at low Rayleigh number. The linear stability analysis by Schubert et al. [1975] showed that endothermic phase transitions are mildly stabilizing. The calculations by Christensen [1982] and the asymptotic analysis by Olson and Yuen [1982] have reinforced the impression that a phase boundary with negative Clapeyron slope would not pose a serious hinderance to mantlewide convection. These calculations, however, have been based on the steady state assumption. It is shown below that the conclusions need some revision when the question is examined with a time-dependent model.
There have been arguments against the existence within the mantle of a double thermal boundary layer, which must occur at the interface between two separately convecting layers. These have been based on its consequences for massive melting in the lower mantle [Spohn and Schubert, 1982] , a drastic reduction of viscosity [Davies, 1983] , and a decrease of seismic O [Christensen, 1981 [Christensen, , 1983a , which are in conflict with the observational evidence. In contrast to these approaches based on indirect geophysical arguments, we are interested in this paper in examining the dynamical aspects of layered convection.
We investigate by means of a time-dependent finite element model how a subducting lithospheric slab interacts with an actively convecting lower mantle which is separated by an interface which may be either a chemical boundary or a phase boundary or a combination of both. We demonstrate that the process is indeed a complicated one which depends critically on the amount of compositional density contrast and on the thermodynamic parameters associated with the phase transition. The important role of the mechanical strength of the slab as compared to constant viscosity convection is shown. Different styles of mantle convection are possible for the plausible range of parameter values in the mantle. In particular, a phase transition with a sufficiently negative Clapeyron slope can prevent whole mantle convection in contrast to the findings from steady state models.
NATURE OF THE 670-KM DISCONTINUITY
Before describing our dynamical model, we believe that it is instructive to review the various interpretations which have been given to the 670-km seismic discontinuity, where seismic velocities and density increase by about 6-11%. For some time the transformation from the spinel phase of (Mg, Fe)2SiO½ to a "postspinel phase" has been regarded a likely explanation for the discontinuity. Liu ['1976'] was the first to show that the postspinel phase involves perovskite (MgSiO3) and periclase (MgO) and was not a mixture of the respective oxides. However, he also claimed that the transition pressure would be too high to identify the 670-km discontinuity with this transition. The high transition pressure has not been confirmed in later experiments by Mao et al. 171979] nor by those of lto and Yamada [1982] . Their results can be reconciled with the phase transformation hypothesis for the discontinuity. Furthermore, Ito and Yamada found that the phase change in the system with pyroxene (MgSiO3) stoichiometry going from ilmenite to perovskite occurs at about the same pressure as the corresponding transition in the olivine system and that both transitions have a negative Clapeyron slope of approximately -2 MPa/K (-20 bar/K). The quantitative figure is highly tentative. Moreover, a generally endothermic nature of transitions under very high pressure also appears likely because of theoretical reasons [Navrotsky, 1980] . The interpretation of the 670-km discontinuity as an isochemical phase change is challenged by the observation of strong reflections from that depth which require a narrow width of the transition region [Lees et al., 1983] . That is hard to reconcile with a continuous, multivariant transformation and would favor the idea ofa chemically stratified mantle.
Traditionally, iron enrichment of the lower mantle was the preferred kind of chemical difference [e.g., Press, 1968] . There is a limit to the amount of increase in the Fe:Mg ratio, since from the systematics of bulk sound velocity versus iron content [Chung, 1971] velocity decreases with the mean atomic weight. Thus it is not possible to attribute a density increase of more than a few percent to iron enrichment of the lower mantle. According to Jeanloz and Thompson [1983] , an increase of iron content by 5-10% could not be resolved and would be compatible with seismic models of the lower mantle. These figures translate into a compositional density contrast in the range of 2-4%, which would be superimposed on the density jump of a simple phase transition. A higher chemical density increase could be achieved by a change in the Si:Mg ratio [Burdick' and Anderson, 1975] . This idea has recently found some support, and it was claimed that density and elastic modulus of the lower mantle require a compositio n with (ideally) pyroxene stoichiometry rather than upper mantle composition [Liu, 1979a, In what follows we will consider the case of changing the composition from ideally pure olivine in the upper mantle to pure pyroxene in the lower mantle in some detail, since it seems to be the only chance to obtain a chemical density contrast in excess of 5%. which is shown in the appendix to be valid. This procedure is an easy means to determine the buoyancy forces of either the phase or the chemical boundary. To determine the location of the boundary is no problem in case of a phase transition. The x• are kept constant, and for a given temperature distribution z, is determined from (6), which is piecewise quadratic since T is represented by quadratic splines. In case of a chemical boundary the advection equation (7) translates into a system of nonlinear ordinary first-order differential equations:
i•(t) = u[x,(t), z•(t), t] (11) ;•,(t) = w[x,(t), z•(t), t] (12)
The dependence [Sleep, 1975; Melosh, 1978; Kaula, 1980] . Such a lateral viscosity distribution is achieved without ad hoc assumptions when the rheology is nonlinear and temperature-dependent [Cserepes 1982; Christensen, 1983b Christensen, , 1984 .
To avoid any complications which might arise from internal viscosity variations, r/is taken as a virtual step function with high lithospheric viscosity r/L below a transition temperature Ttr and a low mantle viscosity % above it. (Ra/Rb -1.33), the depression reaches 230 km. Decreasing the density difference even further leads to a quite different behavior. With Ap/p = 3% (Ra/Rb = 2), the descending slab is not deflected any more but continues to sink into the lower mantle, but with decreasing velocity (Figure 3, curves d) . After 125 Ma, when the experiment was stopped, it had come to rest short of the bottom at a depth of 700 km below the equilibrium position of the boundary. The exact behavior is somewhat peculiar: the cold lithospheric material is accumulated into a kind of thickening "root" (Figure 5 ). Its final fate is unclear; however, the "root" is probably an artifact of the constrained 90 ø angle of descendence. With Ap/p = 1.5% (Ra/Rb = 4), the subducting plate descends rapidly to the bottom, bends, and then creeps along the lower boundary (Figure 6 ). Ultimately, pieces of the chemically lighter material start to break off the buried slab and rise as chemical diapirs. The exhaustion of available markers finally caused a lack of resolution (see right diagram in Figure 6) ; therefore it would not give a reliable result to follow the evolution any further. However, we would expect mixing which involves increasingly smaller spatial scales [Olson et al., 1984] during the cycles of deep subduction and reascent of upper mantle material and, finally, the homogenization of the whole system.
To determine the importance of the mechanical strength of the slab for the penetration into the lower layer, we have performed an experiment with constant viscosity for a comparison. The chemical density contrast is taken to be 1.5% and the total temperature drop from bottom to top is 800 K, which is equally divided between both layers in the initial geotherm. This scenario would be appropriate for a second scale of upper mantle convection which might exist beneath the plates [ wonder whether the behavior would bc different when latent heat is also regarded. Material which is pushed upwards across the boundary would become warmer and buoyant, and vice versa for material sinking below the boundary. However, wc have already emphasized that an adiabatically layered mantle would have a temperature drop of the order of 100 K at an endothermic phase boundary. The temperature increase or drop of material crossing the boundary would simply reflect this adiabatic behavior and have no buoyancy effect whatsoever, provided that we start from an adiabatic initial temperature profile. We would like to emphasize that an isothermal mantle containing an endothermic phase boundary is in fact superadiabatic when latent heat is regarded, a situation which is unlikely to be found in the interior of a vigorously convecting mantle.
The phase boundary starts to act as an impediment as soon as the sinking slab or a hot rising plume enters the transition region. Because of the lower temperature of the slab, the cndothermic boundary moves down and resists by its buoyancy further downflow. When ? is -30 or -45 bar/K, this leads to a temporary dcccleration of the plate velocity (Figure 8 ). During this stage the phase boundary almost coincides with the leading edge of the lithosphere. There the temperature gradient is very steep and pins the transition over a certain depth range to the tip of the slab. The phase boundary will not sink beyond the depth which is in equilibrium with the nearly isothermal interior of the slab. When the tip of the slab has descended below that depth, the part of the lithosphere in the lower mantle will produce more and more negative, i.e., driving, buoyancy with increasing length and the plate accelerates again (Figure 8 ). In the case of ? = -60 bar/K the slab never makes its way through the transition region. It is again deflected sidewards and the rate of subduction slows down (Figures 8 and 9 ). This is not unexpected in view of the former experiments with a chemical boundary of 9% density contrast. There a deflection of the boundary by 70 km was found to bc necessary to support the negative buoyancy of the slab. When the typical temperature contrast between subducted lithosphere and ambient mantle is taken to be A TLM = 500 K, i.e., half of the maximum contrast of -• 1000 K, the average de- 
